This article describes the clinical application of gene therapy to a nonlethal disease, rheumatoid arthritis (RA). Intraarticular transfer of IL-1 receptor antagonist (IL-1Ra) cDNA reduces disease in animal models of RA. Whether this procedure is safe and feasible in humans was addressed in a phase I clinical study involving nine postmenopausal women with advanced RA who required unilateral sialastic implant arthroplasty of the 2nd-5th metacarpophalangeal (MCP) joints. Cultures of autologous synovial fibroblasts were established and divided into two. One was transduced with a retrovirus carrying IL-1Ra cDNA; the other provided untransduced, control cells. In a dose escalation, double-blinded fashion, two MCP joints were injected with transduced cells, and two MCP joints received control cells. One week later, injected joints were resected and examined for evidence of successful gene transfer and expression by using RT-PCR, ex vivo production of IL-1Ra, in situ hybridization, and immunohistochemistry. All subjects tolerated the protocol well, without adverse events. Unlike control joints, those receiving transduced cells gave positive RT-PCR signals. Synovia that were recovered from the MCP joints of intermediate and high dose subjects produced elevated amounts of IL-1Ra (P ‫؍‬ 0.01). Clusters of cells expressing high levels of IL-1Ra were present on synovia of transduced joints. No adverse events occurred. Thus, it is possible to transfer a potentially therapeutic gene safely to human rheumatoid joints and to obtain intraarticular, transgene expression. This conclusion justifies additional efficacy studies and encourages further development of genetic approaches to the treatment of arthritis and related disorders.
D
espite recent advances in therapy, rheumatoid arthritis (RA) remains incurable and often difficult to treat. Biological agents, particularly immunomodulatory and antiinflammatory proteins, are being developed as novel, improved antirheumatic drugs (1) . Although potent, these proteins are very expensive. Furthermore, they require repeated systemic introduction by s.c. injection or i.v. infusion, which heightens concerns over adverse side-effects. Delivery of genes encoding therapeutic proteins, rather than administration of the proteins themselves, promises to obviate these problems (2) . Gene transfer enables patients to synthesize the cognate gene products endogenously, potentially in a prolonged and regulated manner. Moreover, local gene delivery restricts transgene expression to defined anatomical locations, such as joints, thereby reducing the prospects of systemic adverse effects. This article describes an application of these principles in humans.
A number of genes have shown impressive efficacy in animal models of RA (2) , but, for the purposes of initial human studies, we used a cDNA encoding the IL-1 receptor antagonist (IL-1Ra) (3) . The recombinant protein has an excellent safety profile (4) and shows efficacy in animal models of RA (5) . Efficacy in human RA, however, is modest (6) because IL-1Ra has a remarkably short biological half-life (5) . This circumstance makes it a particularly good candidate for gene delivery.
There are several strategies for gene therapy of arthritis (2) . Most progress has been made with the approach of Bandara et al. (7, 8) , in which antiarthritic genes are transferred to the synovial linings of diseased joints. Although direct, in vivo gene delivery to joints is simple and effective in animal models of RA (9, 10) , various technical and safety constraints predicated an ex vivo, retroviral gene transfer strategy for the trial described here. The feasibility and efficacy of ex vivo, retrovirally mediated IL-1Ra gene transfer to joints has been demonstrated in rabbits (11) , rats (12) , and mice (13) . The likelihood of success in humans was reinforced by the results of experiments in which human cartilage and genetically modified synovium were coimplanted into severe combined immunodeficient (SCID) mice (14) . Extensive testing in rabbits (15) and mice (16) failed to detect serious adverse events.
Based upon these promising preclinical findings, we designed a phase I human protocol (15) to evaluate the safety and feasibility of IL-1Ra gene transfer to human rheumatoid joints.
Methods
Research Subjects. Eligible participants were postmenopausal or ovariectomized women under age 75 fulfilling the American College of Rheumatology criteria for RA (17) . They had elected to undergo replacement of the 2nd-5th metacarpophalangeal (MCP) joints on one hand and additional surgical procedures on at least one other joint. To avoid coercion, eligible subjects were consented into the study by an independent, yet informed, orthopedic surgeon. Where applicable, corticosteroids were discontinued one month before beginning the study, but other medication was allowed.
Study Design. Safety was the overriding concern, particularly because this study proposed to apply gene therapy to a nonlethal disease. Ex vivo gene transfer helps in this regard, because no infectious agents are introduced into the participants, and the genetically modified cells can be extensively screened before implantation. Safety was maximized by delivering genes to joints that were scheduled to undergo total joint replacement.
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Human IL-1Ra cDNA was transferred to the 2nd-5th MCPs on one hand of nine individuals with RA (Table 1) by an ex vivo protocol involving the retroviral transduction of autologous synovial fibroblasts (Fig. 1 (Table 2) . Each subject was then contacted daily by telephone to monitor adverse events. On the 7th day, the injected MCP joints underwent sialastic implant arthroplasty, and the retrieved synovial tissues were examined for IL-1Ra expression by RT-PCR and ELISA measurement. Specimens were further examined by in situ hybridization and immunohistochemistry to determine the anatomical location of the transduced cells. Complete medical history and physical examinations, and blood tests to monitor a variety of parameters, including the presence of RCR, were conducted 1, 3, 6, and 12 months after surgery, and then annually. Laboratory Methods. Preparation of retrovirus. MFG-IRAP is a replication-defective, amphotropic, recombinant retrovirus derived from the Moloney murine leukemia virus, carrying the complete coding sequence of human IL-1Ra. It was produced by the -CRIP packaging cell line by using standard techniques. The sequences of the IL-1Ra insert and the upstream and downstream flanking regions were confirmed independently (LARK Sequencing Technologies, Houston). The packaging cell line was certified free from RCR endotoxin, mycoplasma, and other adventitious agents (BioWhittaker Inc.) and transferred to the Human Gene Therapy Applications Laboratory of the University of Pittsburgh School of Medicine, where clinical grade virus was prepared. Transduction of synovial fibroblasts. Synovial cell cultures were established by standard methods. At confluence, cells were trypsinized and subcultured. When 60% confluent, half of the secondary cultures were incubated with 4 ml of retroviral supernatant containing 8 g͞ml polybrene. Cells were centrifuged at 2,000 ϫ g for 2 h during retroviral transduction (18) and incubated for 18 h before adding fresh growth medium.
At confluence, media were changed, and the amount of IL-1Ra secreted by transduced and untransduced cells was measured by ELISA (R & D Systems). Once production of Ͼ30 ng of IL-1Ra per 10 6 transduced cells per 48 h was confirmed, 1% of the cells and 5% of the conditioned culture medium were sent to BioWhittaker to be tested for RCR and other adventitious agents. The remaining cells were cryopreserved. During this period, conditioned media were further assayed for prostaglandin E 2 and IL-6 by ELISA (R & D Systems). Uncontaminated cultures were thawed, recultured, trypsinized, washed, resuspended in saline, coded, and subjected to a ''stat'' Gram stain as well as analysis for mycoplasma and endotoxin. The cells were then injected into the appropriate MCP joints. The conditioned media were retained and assayed retrospectively for IL-1Ra. RT-PCR. Minced tissue was homogenized in TRIzol solution (Invitrogen) and extracted with chloroform. RNA was precipitated with isopropanol, resuspended in 10 mM Tris⅐HCl (pH 8.0) and 1 mM EDTA, and quantitated spectrophotometrically.
For reverse transcription, 3 g of RNA were mixed with 50 ng of an oligonucleotide primer complementary to sequences within the human IL-1Ra coding region in 250 mM Tris⅐HCl (pH 8.3), 0.4 M KCl, 15 mM MgCl 2 and 0.4 mM each of dATP, dGTP, dCTP, and dTTP. After heating to 80°C for 5 min, the mixture was placed on ice, and DTT was added to 5 mM followed by 200 units of SuperScript II Rnase Ϫ reverse transcriptase (Life Technologies, Rockville, MD). The mixture was incubated at 42°C for 1 h.
For PCR amplification, the upstream primer was complementary to unique sequences in the MFG vector, and the downstream primer was complementary to sequences specific for IL-1Ra. One microgram of each oligonucleotide primer was mixed with 20 l of cDNA from the reverse transcription reaction in 20 mM Tris⅐HCl (pH 8.8), 10 mM KCl, 10 mM (NH 4 ) 2 SO 4 , 4 mM Mg SO 4 ,0.1% Triton X-100, and 400 mM each of dATP, dGTP, dCTP, and dTTP, and 2 units of Vent DNA polymerase (New England Biolabs). After 35 rounds of amplification (1 min at 95°C, 1 min at 59°C, and 1 min at 72°C), 20 l of reaction products were electrophoresed in a 0.8% agarose gel and denatured, and the DNA was transferred to Hybond n plus nylon membrane (DuPont). DNA was UV crosslinked to the membrane, then placed in a hybridization oven in 1% BSA, 1 mM EDTA, 7% SDS, and 0.5 M Na 2 HPO 4 (pH 7.2) at 65°C. Radiolabeled probe was generated by random primer extension by using a portion of the IL-1Ra coding region internal to the oligonucleotide primer pair as template. After incubation overnight at 65°C, the blot was washed, and DNA bands hybridized to the radiolabeled probe were visualized by autoradiography. In situ hybridization. Frozen sections were thawed, postfixed with 2% paraformaldehyde in PBS, washed three times in PBS, and digested with proteinase K for 10 min. Sections were washed in PBS containing 2 mg͞ml glycine, acetylated with acetic anhydride, washed, dehydrated through graded alcohols, and prehybridized in 1 part formamide, 1 part hybridization buffer, and 20 mg͞ml dextran sulfate. After 30 min prehybridization, sections were washed in water, dehydrated, and incubated for 4 h at 42°C with 35 S-labeled, single-stranded RNA probe complementary to IL-1Ra transcripts. The slides were thoroughly washed and then dehydrated through graded ethanols, air dried, dipped in NTB-2 emulsion, dried, incubated at 4°C for 1-5 days, and developed. Immunofluorescence. Sections were washed three times in PBS containing 0.5% BSA and 0.15% glycine, pH 7.4 (Buffer A) followed by 30 min incubation with purified goat IgG (50 g͞ml) at 25°C and three additional washes with Buffer A. Sections were incubated for 60 min with a rabbit anti-human IL-1Ra primary antibody followed by three washes in Buffer A and 60 min incubation in fluorescently labeled secondary anti-rabbit IgG (2 g͞ml). Sections were washed thoroughly in Buffer A, stained with Hoechst stain, mounted in Gelvatol and coverslipped. For both the in situ hybridization and fluorescence microscopy studies an Olympus Provis microscope equipped with an Optronic cooled CCD camera was used for image collection. Images were assembled in Photoshop (Adobe) with no postprocessing.
Statistical Analysis. Cells were randomized to individual MCP joints by a Monte Carlo program. Production of prostaglandin E 2 and IL-6 by transduced and untransduced cell cultures was compared by a two-tailed Student's t test. Ex vivo IL-1Ra production by cells recovered surgically from MCP joints was analyzed by repeated measures analysis of variance by using the natural logarithm of the IL-1Ra concentrations.
Results
Participant Characteristics. All participants were Caucasians with long-standing, erosive, progressive RA. Seven had required previous surgical intervention. At the time of entering the study, all subjects were taking one or more disease-modifying antirheumatic drugs (DMARDs), nonsteroidal antiinflammatory drugs (NSAIDs), or oral corticosteroids (Table 1) .
Synovial Harvest, Culture, and Transduction. Synthesis of IL-1Ra by cultures of untransduced cells was very low or undetectable. Transduction elevated IL-1Ra production beyond the 30 ng per 10 6 cells per 48 h investigational new drug requirement in all cases (Table 2) . High synthesis of IL-1Ra persisted and, in most instances, increased after cryopreservation and reculture.
Transduced cells produced less IL-6 and prostaglandin E 2 than unmodified controls (Fig. 2) , demonstrating that synthesis of these mediators was partially driven by the autocrine production of IL-1 and confirming that the transgene product was biologically active.
Intraarticular Expression of the IL-1Ra
Transgene. RT-PCR analysis confirmed expression of mRNA derived from the transgene in all joints injected with the genetically modified cells (Fig. 3) . Only one of the control joints, the 5th MCP joint of subject 9, gave a positive RT-PCR signal. Cultures established from the joints of individuals receiving the lowest dose of cells (10 6 cells per joint) synthesized little IL-1Ra, regardless of the presence or absence of the transgene (Fig. 4; subjects 1-3) . However, in 11 of the 12 joints receiving the higher doses of cells (groups II and Fig. 3 . Expression of IL-1Ra transgene in retrieved synovial tissues. RNA was extracted and subjected to the RT-PCR procedure described in Methods. The reaction products were separated by agarose gel electrophoresis, subjected to Southern blotting, and visualized by autoradiography. Each of the four MCP joints of each subject (subjects 1-9) from the low (group I, subjects 1-3), medium (group II, subjects 4 -6), and high (group III, subjects 7-9) dose groups are indicated as receiving transduced (T) or control (C) cells. Safety. Some subjects experienced transient discomfort during the intraarticular injections, with subsequent ecchymosis. No adverse events were reported during daily telephone contact. Participants are now Ͼ5 yr post-gene transfer, and they remain free from RCR and adverse events related to the study.
Discussion
These data demonstrate that it is possible to transfer genes to human joints and to achieve intraarticular transgene expression in a safe and acceptable manner. Further studies to evaluate efficacy seem justified, especially because clinical findings suggest that recombinant IL-1Ra (Kineret, Amgen Biologicals) has antiinf lammatory and antierosive properties in patients with RA (6). Kineret is delivered by daily s.c. injection. Intraarticular delivery by gene transfer promises to confer a therapeutic advantage because of its ability to generate a high, sustained, local concentration of IL-1Ra that, unlike its recombinant counterpart, has undergone authentic posttranslational processing. Furthermore, daily s.c. delivery of recombinant protein fails to maintain therapeutic serum levels of IL-1Ra between injections (5).
Preclinical data (15) suggest that cells are most likely to escape from inflamed joints during the first week after injection. Thus, although the injected joints were surgically removed after one week, genetically modified cells that had migrated to extraarticular locations would remain in the body as a potential source of delayed adverse events. This concern was amplified by reports of leukemia in children with X-linked severe combined immunodeficiency (SCID) who had received ex vivo gene therapy with the same viral vector backbone, MFG, as used in our study (19) . Because of the critical importance of safety in the application of gene therapy to nonlethal diseases, we delayed publication of these data until a 5-yr period had passed without clinical or molecular evidence of side-effects.
The ex vivo protocol used here was effective, but it was tedious, time-consuming, and expensive. Local gene therapy for RA would be expedited by the development of safe and effective in vivo vectors (20, 21) that facilitate long-term transgene expression. Candidates include high titer retrovirus (22) , adenovirus (23, 24) , adeno-associated virus (AAV) (25, 26) , and lentivirus (9, 27) . Of these, AAV is perceived to be the safest and has several empirical advantages (25) ; recent improvements in the technology of recombinant AAV production facilitate its use in human clinical trials.
The genetic approaches to therapy illustrated in this study are not restricted to RA. Promising preclinical data have been obtained for gene therapy of other inflammatory (28) and autoimmune (29) diseases, as well as osteoarthritis (30) and a variety of orthopaedic conditions (31) . 
